Dramatic deficiencies of Li in the mid-F dwarf stars of the Hyades cluster were discovered by Boesgaard & Tripicco. Boesgaard & King discovered corresponding, but smaller, deficiencies in Be in the same narrow temperature region
in the Hyades. With the Space Telescope Imaging Spectrograph on the Hubble Space Telescope we investigate B abundances in the Hyades F stars to look for a potential B dip using the B I resonance line at 2496.8Å. The light elements, Li, Be, and B, are destroyed inside stars at increasingly hotter temperatures: 2.5, 3.5, and 5 ×10 6 K respectively. Consequently, these elements survive to increasingly greater depths in a star and their surface abundances indicate the depth and thoroughness of mixing in the star. We have (re)determined Li abundances/upper limits for 79 Hyades dwarfs, Be for 43 stars, and B in five stars. We find evidence for a small drop in the B abundance across the Li-Be dip. The B abundances for the four stars in the temperature range 6100 -6730 K fit the B-Be correlation found previously by Boesgaard et al. Models of rotational mixing produce good agreement with the relative depletions of Be and B in the dip region. We have compared our nLTE B abundances for the three high B stars on either side of the Li-Be dip with those found by Duncan et al. for the two Hyades giants. This confirms the factor of 10 decline in the B abundance in the Hyades giants as predicted by dilution due to the deepening of the surface convection zone. 
INTRODUCTION
The nuclei of the rare light elements, lithium, beryllium, and boron, are susceptible to destruction by fusion reactions in the interiors of cool main-sequence stars. Of this trio, Li is the most fragile, B the most robust. The destruction of Li by (p,α) type reactions occurs at a temperature of ∼2.5 x 10 6 K, while Be is destroyed at ∼3.5 x 10 6 K. Inasmuch as B is not destroyed until ∼5 x 10 6 K, it serves as a probe to even deeper layers inside stars. The determination of the degree of depletion of Li, Be, and B in stellar atmospheres serves as a monitor of internal stellar processes and kinematics. The surface content of these elements provides information about the redistribution of matter and the mixing patterns within a star. Thus, spectroscopic studies of these three elements expose the otherwise hidden stellar interior.
The stars of an open star cluster provide a perfect laboratory to make observations of all three elements for this type of investigation because their stars have a common origin and a known age and metallicity. The abundances of Li, Be, and B that were present in the interstellar medium at the birth of the cluster are what all of the stars would have had ab initio. Since all the stars start with the same abundance of each light element, the presentday abundance of each then reveals the deficiency pattern as a function of stellar mass and thus supplies guidance on the internal mixing processes. For main sequence stars in a given cluster the effective temperature is a good surrogate for stellar mass.
The relatively nearby Hyades cluster is ∼7 x 10 8 yr old and has a metallicity of [Fe/H] = +0.13 ±0.02 (Boesgaard 1989 , Boesgaard & Friel 1990 . Recent studies have similar results, e.g. Paulson et al. (2003) find +0.13 ±0.01, and Maderak et al. (2013) find +0.13 ±0.01. See also Dutra-Ferreira et al. (2016) . The errors quoted correspond to the error in the mean. The abundances of Li in the main-sequence stars in the Hyades were first done by Herbig (1965) and Wallerstein et al. (1965) . The fall-off of Li with temperature in the Hyades G dwarfs has been investigated in several subsequent papers including Duncan (1981) , Cayrel et al. (1984) , Soderblom et al. (1990) , Thorburn et al. (1993) . The F dwarfs in the Hyades were studied by Boesgaard & Tripicco (1986) who discovered large Li depletions in the mid-F dwarfs; those depletions are factors of 100 relative to stars only 200 K hotter and cooler. That data set of 20 stars was augmented by so that some 30 stars outlined the Hyades F star Li dip. This "chasm" in the Li abundance occurs in the temperature range 6400 -6850 K. In hindsight we can see that there was a hint of this Li dip in the Hyades F dwarfs in upper limits found for Li in the Wallerstein et al. (1965) paper where they could measure only Li upper limits on their spectrographic plates. Boesgaard & King (2002) completed an investigation of Be in 34 Hyades F and G dwarfs. They found the Be counterpart to the Li dip in the F dwarfs. There is no Be counterpart to the Li deficiencies in the G dwarfs; this had been first indicated in a study by Garcia Lopez et al. (1995) of Be in four cool Hyades dwarfs. The Be-dip in the Hyades F stars is not as deep as the Li dip; Be detections go down to a factor of 7 below the meteoritic value of 1.42 (Grevesse & Sauval 1998 ).
This Li-Be dip contradicts the predictions of standard stellar evolution theory. The surface convection zones (SCZ) in mid-F stars are far too shallow for light element depletion to occur through convective mixing alone. The standard theory ignores a number of conditions that could affect the light element abundances, such as rotation, diffusion, mass loss, turbulence, internal gravity waves, etc. These effects could result in additional mixing below the SCZ. The more observational information we have for all three light elements, the better we will be able to understand the internal mixing processes and then build more sophisticated stellar evolution models.
Studies of Li abundances in clusters younger than the Hyades, such as Pleiades and α Per, found only a small, if any, dip in Li (Pilachowski et al. 1987 ). The conclusion was that the Li reductions occurred after the stars were already on the main-sequence; it was not a pre-main sequence phenomenon.
Explanation for Li depletion was attributed to several causes. An excellent discussion of these various mechanisms is given in Stephens et al. (1997) . Lithium (and other elements) could be carried away in mass loss through stellar wind mechanisms. Diffusion between the surface convective and the radiative zones of the star could reduce the surface abundance. Pinsonneault et al. (1989) investigated a rotating solar model and the effects on rotationallyinduced mixing on Li and Be abundances. Zahn (1992) found that such mixing could be applied as an explanation for the sudden depletion of Li over the narrow range of dip stars. Using Zahn's models, Charbonnel et al. (1994) were able to very closely model the cool, "red" side of the dip for both Li and Be abundances. Deliyannis & Pinsonneault (1997) correlated Li and Be depletions to rotationally induced mixing as an explanation of the dip. (Balachandran (1995) showed that post-turnoff stars in M 67 show Li deficiencies, not the initial Li abundances of the cluster. Thus the Li had been destroyed on the main sequence rather than disappearing by nondestructive diffusion which would have brought up Li atoms from the radiative zone.) Deliyannis et al. (1998) and Boesgaard et al. (2001) have shown that Li and Be abundances are correlated in F field stars on the cool side of the Li-Be dip (T eff = 5900 -6650 K). Boesgaard & King (2002) discovered that the Hyades stars in this same temperature range show the same correlation between A(Li) and A(Be). The slope -in both Hyades and field stars -of this remarkable logarithmic relationship is +0.36. Boesgaard et al. (2004b) found a similar correlation in the six open clusters and additional field stars. Their figures 8b and 10 show this correlation for the field and cluster stars in the range T eff = 6300 -6650 K which has a slope of +0.43 ±0.04. Their figures 8a and 9 cover T eff = 5900 -6650 K with a slope of 0.38 ±0.03 that is well-matched by the predictions of the rotation models of Deliyannis & Pinsonneault (1993 , 1997 and Charbonnel et al. (1994) .
From the observations of the Li-Be dip in F stars in the Hyades and other clusters, the question naturally arises: "Is there also a dip in B in the Hyades F stars?" This is quite possible as deficiencies of B have been found in F field stars. Boesgaard et al. (2005) discovered a a correlation between Be and B from HST/STIS Cycle 10 observations of 18 stars of which 13 were very depleted in Be. From the B observations in that work they discovered that the F5 V star, HR 107, is deficient in all three elements. It is deficient in Li by a factor of at least 650, in Be by 25 or more, and in B by 10. Here we report on the abundance of all three light elements in the Hyades cluster F dwarf stars. The well-studied Hyades cluster provides the best venue for this investigation, but the results are important for our understanding of field stars as well.
OBSERVATIONS AND DATA REDUCTION

HST Boron Observations
Observations with the STIS instrument on the Hubble Space Telescope were made of vB 14 on 2003 September 9 to determine the B abundance as part of a program to look at B through the Li-Be dip in the Hyades. The four other stars in that program were not observed by the time that STIS died. After the servicing mission (SM4) restored STIS to life, we received an additional four orbits to observe B in two stars in the Li-Be dip region of the Hyades: vB 13 and vB 37. We were able to supplement these observations with spectra covering the B region of two Hyades dwarf stars in the HST archive. The log of these observations is given in Table 1 and the location of the five stars in the HR diagram is shown in Figure 1 . The values for luminosity and effective temperature are taken from de Bruijne et al. (2001) .
The data reduction was provided by the standard HST/STIS and GHRS pipelines. Figure 2 shows a sixÅ region of the ultraviolet spectra of two of the stars, vB 14 and vB 65, near the B I line at λ2496. These two stars differ in temperature by almost 900 K which affects the line strength of the B I line as well as the blending lines. One can see significant line-crowding in this region.
Lithium and Beryllium Observations with Keck/HIRES
Observations of 17 Hyades stars were made at Keck I with HIRES (Vogt et al. 1994) on the nights of 1999 January 17 and 18 UT. These spectra covered the range of 5700 to 8100Å (with some inter-order gaps) and have a spectral resolution of ∼48,000 and 24µ pixels. On each night 15 quartz flat field exposures were obtained along with 15 bias frames. Comparison spectra of Th-Ar were taken at the beginning and the end of each night. Three additional spectra were kindly obtained for us by G.H. Herbig on the night of 2005 November 23; these were taken with the updated version of HIRES with the mosaic CCDs with 15µ pixels. Quartz, dark, and Th-Ar frames were also taken. The log of the observations of all 20 stars is given in Table 2 . The positions of these stars in the HR diagram are shown in Figure 3 .
The data reduction was done with IRAF 2 and followed standard procedures with bias subtraction, flat field corrections, order extraction, wavelength calibration, continuum fitting. Samples of these spectra are shown in Figure 4 . The spectrum of the coolest of the three stars shows considerable depletion of Li while the neighboring Fe I lines (6703, 6705 and 6710Å) are increasing in strength with decreasing temperature.
Most of the observations used here for Be were originally reported by Boesgaard & King (2002) . We obtained spectra of 10 additional Hyades stars for Be with Keck I and the upgraded HIRES with the new high-sensitivity UV chip with 15µ pixels. Those observations are also listed in Table 2 . The quartz flat-field exposures needed for the Be region were 50 s to achieve the proper signal that far in the UV. We took seven quartz frames at 50 s, seven at 3 s and seven at 1 s as needed for the three CCDs. In addition we took 11 bias frames and Th-Ar exposures at both the beginning and the end of the night. The positions in the HR diagram of the new stars as well as the stars observed earlier for Be are shown in Figure  5 . Data reduction was done with the MAKEE pipeline and with IRAF. Examples of two those new spectra covering a region of 2.2Å are shown in Figure 6 where the positions of the two resonance lines of Be II are marked.
STELLAR PARAMETER DETERMINATION
de Bruijne et al. (2001) have done a detailed study of the parameters for the Hyades stars from the Hipparcos results for 92 high-fidelity stars. They have used two calibrations in converting (B − V ) and M V to log T eff and log (L/L ⊙ ).
The recalibration of the Hipparcos data by van Leeuwen (2007) give the distance to the Hyades of 46.45 ±0.50 pc. The earlier distance from Perryman et al. (1998) We have determined values for the microturbulent velocity, ξ, from the empirical relationship of Edvardsson et al. (1993) with dependencies on T eff and log g. Values for stellar masses were determined by interpolating our derived T eff along the isochrones in Pinson-neault et al. 2004 , which are specific to the Hyades. We use values of v sin i primarily from Mermilliod et al. (2009) , but also from Paulson et al. (2003) , Reiners & Schmidt (2003) , and Kraft (1965) for the Hyades. We adopt [Fe/H] = 0.13, as discussed in the introduction.
In Table 3 we list the values we use for T eff , log g, stellar mass, ξ, v sin i, and the depth of the surface convection (SCZ) as a fractional radius. The star names are listed as van Buren, HD and HIP numbers. For the depth of the SCZ of these stars we have used the models detailed in Table 2 of van Saders & Pinsonneault (2012) . We have interpolated among the mass, He abundance, age, and metallicity. We calculated the mass of our Hyades sample using temperature values from Hipparcos data (de Bruijne 2001) and interpolating in Table 2 from Pinsonneault et al. (2004) which is specific to the Hyades. We select a He abundance value of 0.271 ±0.006 from Pinsonneault et al. (2003) , and use our [Fe/H] value of 0.13. We select 650 Myr as the Hyades age as a compromise between the commonly used value of 625 Myr (±50 My) from Perryman et al. (1998) , and the slightly older value of 750 Myr (±100 My) from Brandt and Huang (2015) . In the case where one of the parameters lies outside of the van Saders & Pinsonneault table coverage, we extrapolated using the two nearest table entries. If two or more parameters were outside of the range of the table, we instead interpolated for the SCZ depth directly, using T eff and depths from similar stars in our Hyades sample.
ABUNDANCE DETERMINATIONS
Boron abundances were found by spectrum synthesis using the program MOOG (2011 version) 3 (Sneden 1973). The line list in the B I region is from Duncan et al. (1998) with small modifications as in Boesgaard et al. (2005) . We excluded lines from Duncan's original line list that extremely negative log gf values (<−5) and those with very high excitation potentials (>6 ev). We relied on the synthesis around the 2496.8Å line. (The wavelengths given are air wavelengths.) We also attempted to include synthesis around the 2497.7Å region, but found that blending with the strong iron and cobalt features in the region prevented any meaningful evaluation of B abundance from that line.
In the synthesis we adopted [Fe/H] = 0.13 as discussed in the introduction. In the models all elements, other than B, are increased by that same amount. This is a valid assumption within the 3Å range surrounding the fitted region (2495.500-2498.500Å) for several reasons. The abundance of "iron-peak" elements (V, Cr, Mn, Co, Ni) plus Al, track with that of [Fe/H] (Carrera & Pancino 2011) , and the majority of lines in the full list from Duncan et al. (1998) (135/185) are from these elements. Of the other line sources, Ti and Sc are (possibly) slightly depleted with respect to iron (−0.06 and −0.02), respectively, Carrera & Pancino 2011), however this minor difference, combined with the relative lack of lines (7/185) does not contribute to a measurable difference in the synthesis. The remaining line sources consist of N, F, P, Cl, and Ge and heavier elements with insufficiently determined abundances to make accurate adjustments.
Line broadening was calculated by the MOOG synth driver using the "r" option, which combines v sin i, macroturbulence, and generic "Gaussian" factors. We used the values of v sin i from Table 3 but had no direct measurement of macroturbulence or of the Gaussian factors (which would include sources such as instrumental broadening). These two factors were fit as free parameters during the chi-squared reduction process. The best indicator of these two factors was the prominent Fe II feature at 2497.3Å, although other features were also considered.
We determined our synthetic solution using a two-step chi-squared minimization technique. Initially, MOOG parameters for line broadening and wavelength and (normalized) flux offset and scaling, were adjusted manually to minimize the chi-squared statistic. The window from 2496.0 to 2497.5Å, excluding the area of the 2496.8Å B line was used for this first iteration. Note that the B line width varies with the line broadening of a particular star. For stars with significant broadening, like vB 13, the region excluded in the first step is approximately 0.6Å wide (2496.5-2497.1Å). For lines with lesser broadening (eg. vB 62), the excluded range is slightly less than 0.5Å. The second step determined the B abundance which best matches the observed spectra by minimizing the chi-squared statistic for the region of the B line; the previously "excluded" region. The final B abundance corresponds to the abundance which has the lowest chi-squared value for the points within the B line.
We show the synthesized B spectra in Figure 7 for vB 14, on the hot side of the Li-Be dip and vB 62 on the cool side of the dip. The LTE values for A(B) are 2.50 and 2.51, respectively. In Figure 8 are the syntheses for two stars in the Li-Be dip: vB 13 and vB 37 at 2.15 and 2.05 respectively Boron abundances are subject to non-local thermodynamic equilibrium effects, and we have adjusted our abundance measures, as recommended by Kiselman & Carlsson (1996) . Both uncorrected (LTE assumed) and nLTE abundances are given in Table 4 . When corrected for nLTE effects, the values for A(B)n for vB 14 and vB 62 are 2.73 and 2.55. The two stars in the Li-Be dip have A(B)n of 2.32 and 2.24 respectively.
Errors for our B determinations due to the uncertainties in the stellar parameters are given in Table 5 . Error values were obtained by altering a single model parameter by the listed amount, and re-running the complete spectral synthesis in MOOG to determine the resulting change in abundance. The total uncertainty listed is the square root of the sum of the squares of the three parameters. Two of us of us did the B synthesis independently for 3 of the stars; there was a mean difference of 0.03 dex.
We have determined Li abundances for all 20 stars by spectrum synthesis using the synth driver in MOOG. The synthesis for Li is less complex than for B and there are far fewer lines. We may have small adjustments in wavelength and in Gaussian smoothing to make. This can be seen in Figure 9 where the fit over the 8Å region is excellent. The Li abundances are also given in Table 4 . In addition, we have modified published values (from , Boesgaard & Tripicco 1986 , Cayrel et al. 1984 and Thorburn et al. 1993 for A(Li) in the other stars to reflect the parameters in Table 3 from de Bruijne et al. (2001) . Fortunately, A(Li) is dependent only on the model temperature. We have found that there is no difference in A(Li) with log = 4.0 vs. 4.5. There is no difference with [Fe/H] = +0.1, 0.0, and even −1.0. The difference in temperature of ±100 K is ±0.08 dex in A(Li). There are four stars for which we have new observations with A(Li) determined here with Li synthesis and for which we redetermined A(Li) with the equivalent widths from Boesgaard & Tripicco (1986) and using the blends driver in MOOG. The stars are vB 14, 37, 62, 65 and the ∆A(Li) values are 0.01, 0.00, 0.06 and 0.00, respectively, for "blends" minus "synth." Our revised values for A(Li) are given in Table 4 . Takeda et al. (2013) have determined abundances for Li, C, and O in the Hyades F and G dwarfs using spectral synthesis. They also used the de Bruijne et al. (2001) stellar parameters derived from Hipparcos data. We have 12 stars in common with them for which we both found A(Li) from spectral synthesis, excluding an additional two for which we both found upper limits on Li. The mean difference in our A(Li) minus theirs is −0.06 ±0.09. If we exclude the two most discrepant stars, vB 26 and 42, among the very coolest in each of our samples and thus the weakest Li lines, the mean difference is −0.03 ±0.07. This is excellent agreement.
Beryllium abundances for 34 Hyades F and G dwarfs were done by Boesgaard & King (2002) using spectrum synthesis; they were later reanalyzed in Boesgaard et al. (2004a) using the later version of MOOG which included Kurucz's UV opacity edges, the metal boundfree opacity contributions adapted from the ATLAS model atmosphere code (e.g. Kurucz et al. (2011 and references therein.) We have now readjusted those abundances to reflect the parameters that we have used here; Be abundances are sensitive to both T eff and log g. We have synthesized the newly obtained Be spectra, but were unable to get a reasonable fit for the coolest star, vB 178 at 5235 K. The Be abundances for 43 stars are also given in Table  4 . Figure 10 shows the Hyades Li abundances as A(Li) as a function of T eff for both Li detections and upper limits. 4 The drop in Li in the temperature range 6350 to 6800 K is the Li dip where the values for A(Li) span nearly two orders of magnitude. The decline in A(Li) with decreasing temperatures begins near 6000 K. Superimposed on this plot are the nLTE B abundances, A(B)n, on the same vertical scale as the Li abundances. Both A(Li) and A(B) are plotted with relative to their respective meteoritic abundances. There are two stars, vB 13 and vB 37, with B abundances that are in the Li-dip region. Both stars appear to be depleted in B.
RESULTS
B in the Li-Be Dip
In Figure 11 5 we show the Hyades B and Be abundances on the same vertical scale as in Figure 10 . They are also plotted relative to their respective meteoritic abundances. The Be dip is less pronounced than the Li dip, but covers almost an order of magnitude. Although there is a decline in A(Li) in G dwarf stars cooler than 6000 K, there is no such decline in A(Be). See Figure 10 . The two stars in the Li dip, vB 13 and vB 37, appear to be depleted in B with respect to Be as well as with respect to Li.
The best mechanism for the decreased values for Li and Be on the cool side of the Li-Be dip appears to be rotationally-induced mixing at the base of the SCZ, which mixes Li and Be nuclei down to the region of critical temperatures for destruction as discussed in the Introduction ( § I). Figure 12 plots the rotational velocities as v sin i from Table 3 against their T eff values for our Hyades sample. Böhm-Vitense (2004) characterized the transition from the most rapidly rotating stars, at T eff around 7000 K and above, to the slower rotators at 6000 K and below, as a "step" function. Even with the uncertainty due to sin i, our data show a steep slope over the temperature region of the Li-Be dip as first noted by Boesgaard (1987) . The cooler stars have apparently spun down to v sin i values of ∼5 km s −1 typically, by 6100 K.
Over this same range in temperature, the surface convection zone is deepening as shown in Figure 13 from the data in Table 3 . The SCZ is extremely shallow in stars hotter than ∼7000 K and by ∼5500 K it extends over the top 30% of the stellar radius. Both the apparent "spinning down" of stars around the dip and the increase of the depth of the convection zone provide additional information that the depletion of the light elements in this regime occurs by rotational-mixing mechanisms. Our measurement of a smaller B depletion over that of Be and Li in the "dip" continues to conform best with models which incorporate rotationally induced mixing. We note that in four Hyades Am stars hotter than 7500 K Burkhart & Coupry (1989) found no Li depletion.
Detailed mathematical models of the hydrodynamic processes in the "dip" stars by Garaud & Bodenheimer (2010) used "gyroscopic pumping" to model deep mixing, down the rotation axis, and into regions where all three light elements can burn. Their Figure 11 shows a diagram of these flows. While the process model accounts for Li and Be, it does not specifically deal with B. However, even without access to a working simulation, their models appear to predict a lesser, but non-zero depletion of B in the dip stars. Specifically we note that, due to the deeper radius of B burning and the linear (log) scaling of the circulation timescale to that depth, the timescale for B depletion will be longer than those of Li and Be. See their Figure 12 . Although their model of gyroscopic pumping reproduces the cool side of the depletion "dip" well, it must rely on (outward) diffusion in order to replenish (overly) depleted Li and Be (and we assume B) on the hot side of the dip. However, they produce a reasonable model for surface replenishment through a diffusion from the radiative to the convective zone, which brings the models well in line of the observations of both the Li and Be non-depletion on the hot side of the dip.
The Be-B Correlation
Of the three elements, Li, Be, and B, it is Li that is the most fragile; the nuclear reactions that destroy Li occur at temperatures as cool as ∼2.5 x 10 6 K. The nuclei of Be atoms can survive at deeper depths where the temperatures are near 3.5 x 10 6 K. The Li observed in the stellar photosphere may be severely depleted while the surface Be is unaffected or mildly depleted. A correlation between the abundance (and depletions) of Li and Be in late F-and early G-dwarf field stars was found by Deliyannis et al. (1998) and Boesgaard et al. (2001) . This correlation of Li and Be depletions was well-matched by rotationally-induced mixing of Pinsonneault (1993, 1997) and Charbonnel et al. (1994) . This was further studied by Boesgaard et al. (2004b) in field and cluster stars. The temperature range where the depletions are correlated corresponds to the cool side of the Li-Be dip from the bottom of the Li dip near 6500 K to the Li-peak around 6000 K. The stars observed for both Li and Be were 46 field stars and 42 stars from five open clusters. In particular, their Figure 12 shows the data as a line from the least-squares fit of the observed A(Li) and A(Be) and the model predictions for three different ages (0.1, 1.7, and 4.0 Gyr) and two different initial rotational velocities (10 and 30 km s −1 ). The data and the theory are well-matched; the theory is slightly offset and is plotted and A(Be) −0.14. As the stars age they march down that line with less and less Li and Be with Li decreasing faster than Be. The inclusion of stars with different ages revealed the same correlation. These are slow, but apparently simultaneous depletions. The metallicity of the stars is not really relevant until [Fe/H] <−0.25. This work led Boesgaard et al. (2005) to search for B in F and G dwarf stars that were depleted in Be. Such stars would presumably not have detectable Li as indicated by the Li-Be correlation. They included five stars with "normal" Li and Be abundances. Inasmuch as B nuclei can survive to deeper depths where the temperatures are near 5 x 10 6 K, they studied B in stars that were severely Be-depleted. They found a correlation between the Be and B (as corrected for nLTE effects) depletions. As A(Be) goes from 1.4 to −0.5, A(B) declines from 2.4 to 2.0. Boron is the most robust of the three light elements. The slope of A(Be) versus A(B) was 0.22 for the range in T eff from T = 6100 − 6730 K. We have overplotted our four cool Hyades stars on their results for the 14 field stars in Figure 14 . The Hyades stars match the correlation field stars very well. The two Hyades stars in the Li-Be dip with depletions in both Be and B, vB 13 and vB 37, highlight the reality of the B depletions in the Hyades. As stars age they deplete both Be and B as was found for Li and Be.
In Boesgaard et al. (2004b) we showed how well theory which includes mixing-enhancedby-rotation can match the observed plots of A(Li) vs. A(Be) in the temperature range of the Li-Be dip. With our new data, we present a matching theory for A(Be) vs. A(B) for the observations in Figure 14 . To do this, we have updated our mixing calculations to include 10 B and 11 B, with an isotopic ratio of n( 10 B)/n( 11 B) = 0.247 (Lodders 2003) and an initial abundance A(B) equal to the proto-solar value of 2.6. Our models track the dominant 10 B(p, α)
7 Be and 11 B(p, α) 8 Be reactions, with temperature-dependent rates from Caughlan & Fowler (1988) and updated astrophysical S(0)s from the NACRE-II compilation (Xu et al. 2013) . With these additions, we computed mixing models with masses in the range of 1.15-1.45M ⊙ , and initial angular momenta log(J) = 50.5 (fast), 50.1 (medium), and 49.7 (slow), where the units of J are g cm −2 s −1 . The corresponding values of rotational velocities are dependent on age, mass etc., but at 700 Myr at 1.25 M ⊙ (near the center of the Li-Be-B dip) they are approximately 15.7, 13.1 and 8.5 km s −1 .
Our mixing models are compared to the data in Figure 15 . The colored lines show our predicted A(Be) vs. A(B) at 2 Gyr. These abundance tracks overlap one another and share the same approximate slope, demonstrating that the predicted ratio of Be to B depletion is constant regardless of mass, age, and initial rotation conditions. Our predicted correlation between Be and B depletion nicely matches the A(Be) vs. A(B) trend revealed by the data, supporting a mixing origin for the abundance ratios of these two elements. We note that our models over-predict the B abundance of the Hyades members by about ∼ 0.1 dex, perhaps reflecting inaccuracies in the B nuclear cross sections, missing physics in our models, or a true initial Hyades B abundance lower by ∼ 0.1 dex. (This amount of offset is like that of the A(Li) vs. A(Be) described in the second paragraph above.) However, the relative B abundance difference of ∼ 0.15 − 0.2 dex between the lower mass stars at A(Be)∼1.1 and the higher mass stars at A(Be)∼0.6 is accurately predicted. The black star indicates the highest elemental depletion predicted by 700 Myr, showing that sufficient B depletion by mixing is predicted at the age of the Hyades, and that the ratio of Be to B depletion is constant with age. The good agreement between our predictions and these B abundances bolsters the success of rotational mixing as an explanation for the cool side of the Li-Be-B dip.
We stress that the consistency of the Be to B depletion ratio between the field stars, which presumably have a variety of ages, and the Hyades is very striking, as is the constancy of the Li to Be depletion ratio, that we have found repeatedly in our previous works. This LiBe-B depletion correlation dictates very fundamental constraints on how stellar interiors mix. The agreement with the present models of B/Be depletion and our earlier similar models of Li/Be depletion (Deliyannis et al. 1997 (Deliyannis et al. , 1998 suggests that a star doesn't care how long it takes to reach a particular Be depletion, or how fast the star was rotating previously: when a particular Be depletion is achieved, remarkably, unambiguous corresponding depletions of B and Li are also achieved.
Comparison of B in the Hyades Dwarfs with B in the Hyades Giants
The light-element abundances have provided many tests of stellar evolution theory. Iben (1965 Iben ( , 1967 described the principle that Li, Be, and B would be diluted as the outer convection zone expanded and deepened during the star's evolution from the main-sequence to the giant branch. The small layer of surface Li would be diluted by Li-free matter bf below as the convection zone deepened, resulting in a major effect on the Li abundance visible on the surface of giant stars. The somewhat larger outer layer of Be would suffer a smaller dilution effect. These predictions were initially tested for Li by Herbig & Wolff (1966) and for Be by Boesgaard & Chesley (1976) . Similarly, the even greater reserves of B would be even less diluted. Duncan et al. (1998) studied B abundances in two Hyades giants as well as one dwarf, vB 14. They determined that the two giants were deficient in B relative to the dwarf by a factor of ∼10. That amount of decrease in B was a good match for Iben's model predictions. Other models predict even more B depletion in red giants. Sackmann & Boothroyd (1999) show that the extra-deep circulation that creates 7 Li, if long-lived, would destroy all Be and B. The Hyades red giants show no excess Li, so that process is not relevant here. In addition, their calculations show that if a star spends more than 10,000 years on the red giant branch both Be and B plummet. (See their Figure 7 .) The models of Lagarde et al. (2012) include extra-mixing from rotation and thermohaline instability which would circulate Li, Be, B down to deeper layers. There more B atoms would be destroyed, beyond the factor of 10 from dilution alone. However, for the Hyades giants the observations show that B is diluted as in Iben's models, but not destroyed.
We have B abundances for one star on the hot side of the Li-Be-B dip and two on the cool side. Presumably these three stars contain the initial, undepleted B in the Hyades. The mean value is A(B)n = 2.54 ±0.12 consistent with the solar/solar system B abundance. The value for these three Hyades dwarfs is similar to that found by Duncan et al. (1998) and confirms the conclusions of that paper.
SUMMARY AND CONCLUSIONS
The dramatic drop in Li and Be abundances in the mid-F dwarfs has prompted our study of the B abundance in the Li-Be dip. We obtained spectra of 5 Hyades stars with HST to find B abundances from the B I line at 2497Å. In addition we have made observations of Li in 20 stars with Keck I and HIRES for a total of 79 stars with Li abundances in the Hyades. We supplemented the 33 stars already observed with Keck for Be by Boesgaard & King (2002) with 10 new one for a total of 43 Be abundances.
We used the Hipparcos parameters determined for the Hyades stars by de Bruijne et al. (2001) and found abundances by spectrum synthesis for all three elements. We have produced new plots of the light-element abundances with temperature, normalizing all the previous results to the new parameters.
In our overplots of the B-temperature profile (scaled to the Li and to the Be results) we find evidence for a drop in B abundance across the Li-Be dip. In the temperature region of approximately 6400 -6800 K, A(Li) drops by a factor of more than 100, while A(Be) drops by a factor of 10. The drop in A(B)n is about a factor of 2.5. We can now refer to the Hyades Li-Be-B dip.
We also find that A(Be) and A(B)n in the four cool Hyades stars conform to the B-Be correlation found for field stars in that temperature range by Boesgaard et al. (2005) . That logarithmic relationship has a slope of +0.22 as A(Be) is depleted more than A(B)n. There is a similar correlation between A(Li) and A(Be) with a slope of +0.36 where Li is more depleted than Be. Both relationships show plausible zero-point shifts at the 0.1 dex level which are suggested, but not required by the data.
The three of our non-dip stars appear to be undepleted B. The mean of A(B)n is 2.54 ±0.12 compared to the solar values of 2.60. The Hyades giants will have undergone dilution of the three light elements due to the expansion of the surface convection zone. We compared this main-sequence "initial" B abundances with that found in two Hyades giants by Duncan et al. (1998) . The B in the giants has been diluted by a factor of ∼10, in agreement with the predictions of standard evolution models by Iben (1965 Iben ( , 1967 .
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